High-resolution retinal imaging is crucial for better understanding of the retinal function on a microscopic scale. To obtain maximal resolution, the pupil has to be dilated. This exposes more areas of the cornea and crystalline lens, which are less than perfect optically, resulting in increased ocular aberrations. Ocular aberrations vary significantly between subjects, and change rapidly due to eye movements and tear film irregularities [1] [2] [3] [4] . Current high resolution retinal imaging techniques, often based on adaptive optics (AO), enable cellular level resolution. Yet the high cost and the technical difficulties still prevent them from becoming clinically widespread.
In this work we demonstrate the influence of corneal refractive index matching on the resolution of retinal images. The motivation of this work is to show how corneal index matching can further improve current retinal imaging techniques, both by further increasing the resolution and by relaxing requirement for active correction of aberrations. Corneal index matching has been used for monochromatic measurement of crystalline lens aberrations [5, 6] , but not for in-vivo imaging purposes (to our own knowledge).
To match its index, we immerse the cornea (n =1.376) in saline solution (n =1.338). This reduces the refractive index difference by 90% (Δn = 0.038, instead of Δn = 0.376). Since the wave front error is linearly proportional to Δn [7] , index matching also suppresses the corneal wave front error by 90%. The optical function of the cornea is replaced by an offthe-shelf single lens. This is somewhat similar to the use of a contact lens, but a personal hard contact lens might be too small for dilated pupils, requires extensive fitting, and is rather painful for many subjects. In addition, in corneal pathological cases, contact lenses might not be possible or sufficient. Unlike oil immersion in microscopy, corneal immersion does not increase the numerical aperture, which is set by the eye's pupil, but rather reduces the considerable amount of corneal aberrations.
To calculate the average expected improvement we first compare the average point spread function (PSF) of an eye without and with corneal index matching ( Fig. 1(a) and 1(b) respectively). The data for this simulation were obtained by extensive measurements of ocular and corneal aberrations that were performed by others (532 eyes in [8] and 228 eyes in [9] ). To yield the PSF of Fig. 1(b) , we add the corneal wave front error after index matching (i.e. 1/10 of the averaged corneal wave front error, obtained from the data at [9] ) with the wave front error of the crystalline lens:
where the subtraction of the first two terms on the right is equal to the crystalline lens wave front error [5] and the last term is the corneal index matching wave front error. The comparison ( Fig. 1 (a) and 1(b)) shows significant deterioration of the PSF with only index matching. This was caused since the cornea-crystalline lens aberrations compensation mechanism [5, 10] becomes unbalanced when using corneal index matching. Since most of the residual is spherical aberration ( Fig. 1(c) ), we designed an aspheric plate to correct for the average spherical aberration of 0.187 µm [11] . used the average of a large number of measurements, the influence of the tear film variation could not be included. Thus an even better improvement can be expected when using corneal index matching in individuals, since corneal immersion diminishes the tear film's irregularities. To implement the corneal index matching, we constructed a setup ( Fig. 2(a) ) where goggles, filled with saline solution, were used for the index matching. The front window of the goggles was replaced by a single positive lens serving as an 'artificial cornea', and the residual spherical aberration of the immersed eye was reduced by adding an aspheric glass plate. This plate, and the whole optical system, were designed by including the wide-field schematic human eye model [11] . To avoid speckles we employed a continuous light emitting diode (wavelength 520 nm). We used an annular beam focused on the crystalline lens to form wide-field (defocused) illumination on the retina and to avoid light reflectance from the cornea [12] . The results were compared to images obtained with a similar setup, without the immersion goggles and aspheric plate (hereafter direct setup). The magnification of both setups was calibrated to be the same by requiring the same diameter of the optic disc of the same subject (less than 1% difference between the setups, checked for all subjects), while the magnification of the direct setup was measured by an eye model with a resolution target at its retina [12] . Figure 2(b) shows an example of the same intensity profile inside the optic disc, measured by both setups with the same magnification.
We performed retinal imaging and analysis on four subjects with normal vision. Subject S3 was myopic (4.5D) with noticeable corneal astigmatism (1.5D) which was corrected, in the direct imaging setup, by a hard contact lens. Examining the obtained images, we found out that subject S2 produced substantially better retinal images than the other three, even without corneal index matching. All subjects' pupils were dilated to obtain maximal resolution. In addition, resolution of all images was improved by the iterative weighted shift-and-add method which averages out some of the ocular high order aberrations and oversamples the image [12] . (145  2 µm 2 ) from approximately the same retinal location, imaged with both techniques for subject S1. Contrast in both images was linearly stretched for better display of the features. While some cells are visible in both images, they are better defined in the index matching technique (Fig. 2(d) ).
To improve statistics when analyzing the retinal images, the following results are an average of two different retinal patches, both centered 240 µm from the fovea center on the horizontal and vertical axis (patch size: 240×240 µm 2 ). These selected areas were chosen since they are at the resolution limit of the direct imaging setup. At these areas we expect to be able to resolve a larger number of cells when using the index matching setup. We measured the density of these cells by using a circular matched filter (3 µm diameter disc), a size chosen according to ex vivo measurement of cone photoreceptors in this area [13] . Lower correlations due to noise were suppressed by a histogram threshold [14] . The results of this analysis are summarized in Table 1 , showing an increase in identified cells density when using the index matching technique. While being substantial for subjects S1, S3 and S4, there is only small increase for subject S2, whose eyes were good to begin with.
Information at high spatial frequencies can also indicate improvement of resolution. Fig. 3(a) and Table 1 show the comparison of the radially averaged power spectrum with and without corneal index matching. For comparison we used an arbitrary relative power of 0.1 as the reference (being above the unresolvable high frequencies) and check the corresponding spatial frequency. We also examined the highestfrequency peak at each power spectrum, which must result from some ordering in the retina, and translated its frequency into the minimal resolvable distance (Table 1 ). An example of this analysis is shown in Fig. 3(b) , where to enhance the peaks we subtracted the local means of the power spectra. The obtained close-packed distances are in a good agreement with the size of cones in these areas (Table 1, [13] ).
In addition to the previous comparison of the two imaging approaches, another indication for the resolution improvement can be obtained by comparing the PSFs of the two imaging methods. Due to the physical construct of the current system, it was extremely difficult to measure the wave front, thus we had to estimate the PSFs. The estimation method is based on retinal modeling by prior knowledge of the cells average size and position, and it is explained elsewhere [15] . Figure 3 (c) shows one out of four comparisons that we have performed for all of our subjects, on corresponding retinal areas, in both imaging methods. As expected from the previous results, corneal index matching narrows the PSF for three subjects (subjects S1, S3 and S4). For subject S2, who had fewer aberrations to begin with, we got similar PSFs at both methods (not shown). We also checked the improvement for an astigmatic eye (subject S3 without hard contact lens in both setups). Fig. 3(d) shows the power spectra along the defocused axis. With corneal index matching, the highest resolvable frequency is 16% better (74 cycle/deg instead of 65 cycle/deg).
In conclusion, in this work we demonstrate how corneal index matching can improve the resolution of retinal imaging. By calculating the PSF of an averaged ocular wave front error we got 2.3 times improvement in the Strehl ratio when using corneal immersion and aspheric plate. Experimentally, we have demonstrated resolution improvement: (1) by comparing the density of cells at retinal regions which are nearly resolved without index matching, (2) by analyzing the power spectrum frequency at a constant power value and (3) by comparing the highest spatial frequency peak. To back up our results we have also estimated the PSFs in both setups. Prior to our above mentioned analysis, we improved the resolution of retinal images by averaging out some of the ocular aberrations [12] . Since direct setup images had more aberrations to begin with, this algorithm had much more impact on those images compared to the index-matched ones. Consequently, we got smaller improvement compared to the calculated one for the averaged eye (Fig. 1) . In addition, one can see that there is a large variation in the resolution improvement of different subjects. This is due to the aspheric plate which compensates a fixed amount of spherical aberration, regardless of the subject's ocular optical quality. Therefore one should not take the corneal index matching setup presented here as a suggestion of retinal camera per se, but rather as a proof that corneal index matching can be used to improve current imaging techniques. The main motivation for implementing corneal index matching arises from the reduction of the static and dynamic corneal and tear film irregularities, and even more so in many subjects with strong low order aberrations.
